Mutation S218L in the Ca V 2.1 ␣ 1 subunit of P/Q-type Ca 2؉ channels produces a severe clinical phenotype in which typical attacks of familial hemiplegic migraine (FHM) triggered by minor head trauma are followed, after a lucid interval, by deep (even fatal) coma and long lasting severe cerebral edema. We investigated the functional consequences of this mutation on human Ca V 2.1 channels expressed in human embryonic kidney 293 cells and in neurons from Ca V 2.1 ␣ 1 ؊/؊ mice by combining single channel and whole cell patch clamp recordings. Mutation S218L produced a shift to lower voltages of the single channel activation curve and a consequent increase of both single channel and whole cell Ba 2؉ influx in both neurons and human embryonic kidney 293 cells. Compared with the other FHM-1 mutants, the S218L shows one of the largest gains of function, especially for small depolarizations, which are insufficient to open the wild-type channel. S218L channels open at voltages close to the resting potential of many neurons. Moreover, the S218L mutation has unique effects on the kinetics of inactivation of the channel because it introduces a large component of current that inactivates very slowly, and it increases the rate of recovery from inactivation. During long depolarizations at voltages that are attained during cortical spreading depression, the extent of inactivation of the S218L channel is considerably smaller than that of the wild-type channel. We discuss how the unique combination of a particularly slow inactivation during cortical spreading depression and a particularly low threshold of channel activation might lead to delayed severe cerebral edema and coma after minor head trauma.
Familial hemiplegic migraine (FHM) 1 is a rare autosomal dominant subtype of migraine with aura. Apart from the characteristic transient hemiparesis, typical attacks of FHM are similar to those of the common migraine with aura (1) . Some FHM patients also show atypical attacks, either with a prolonged aura or with signs of diffuse encephalopathy; moreover, 20% of FHM families show permanent cerebellar symptoms (2) . In about half of the families, FHM is caused by missense mutations in the CACNA1A gene, encoding the pore-forming ␣ 1 subunit of voltage-gated neuronal Ca V 2.1 (P/Q-type) Ca 2ϩ channels (FHM-1) (3). Ca V 2.1 channels are located at presynaptic terminals and somatodendritic membranes (4) and are expressed in all brain structures that have been implicated in the pathogenesis of migraine (5) . They play a prominent role in controlling neurotransmitter release (6) and also exert postsynaptic effects, such as on neuronal excitability (7) .
17 different missense mutations have been associated with FHM-1 (8 -10) . The functional consequences of 10 mutations have been investigated by expressing Ca V 2.1 channel subunits in heterologous systems (11) (12) (13) (14) (15) . Because Ca V 2.1 channel expression is almost exclusively restricted to neuronal cells, 4 of these mutations have also been analyzed in neurons from Ca V 2.1 ␣ 1 Ϫ/Ϫ mice expressing human Ca V 2.1 ␣ 1 subunits (13, 16) . Recently, the generation of a knock-in mouse carrying the R192Q FHM-1 mutation allowed the first analysis of mutant channels expressed at their endogenous level in neurons (17) . In transfected cells, a consistent effect of FHM-1 mutations was to increase Ca 2ϩ influx through single human Ca V 2.1 channels in a broad voltage range as a consequence of an increased channel open probability mainly because of a shift to lower voltages of channel activation (13, 14) . The consistent gain of function of single mutant Ca V 2.1 channels did not result in a consistent increase in whole cell Ca 2ϩ current density because the mutations also altered the density of functional channels in the membrane, producing a decrease of whole cell current density at high voltages in transfected neurons and variable effects in HEK293 cells (13, 14, 16) . However, in agreement with the gain-of-function phenotype of human Ca V 2.1 channels, the P/Q current density in neurons of the R192Q knock-in mouse was larger than in wild-type neurons in a broad voltage range and similar to the wild-type at higher voltages (17) . The knock-in mouse also showed increased neurotransmission at the neuromuscular junction and increased susceptibility to cortical spreading depression (CSD), the phenomenon underlying migraine aura (5, 17) .
Mutation S218L in the IS4-IS5 loop of the Ca V 2.1 ␣ 1 subunit produces a severe clinical phenotype in which typical attacks of FHM triggered by minor head trauma are frequently followed, after a lucid interval, by deep (even fatal) coma or profound stupor, high fever, and long lasting severe cerebral edema (18, 19) . Here, we studied the unknown functional consequences of this mutation on human Ca V 2.1 channels expressed in HEK293 cells and in neurons from Ca V 2.1 ␣ 1 Ϫ/Ϫ mice and asked the question: with respect to the other FHM-1 mutations, are there some specific effects of S218L which may account for the clinical phenotype of delayed severe cerebral edema and coma after minor head trauma?
MATERIALS AND METHODS
Generation of Ca v 2.1 S218L Mutant-The S218L mutation was introduced into the human full-length cDNA (GenBank accession number AF004883) encoding the Ca V 2.1 ␣ 1 subunit, cloned in expression plasmid pGFP-, described in Refs. 13 and 20. This human Ca V 2.1 ␣ 1 subunit lacks Val 726 -Ala 728 and differs in this respect from the cDNA used in Ref. 14. Briefly, mutant PCR products harboring mutation S218L were generated by the "gene SOEing" technique (21) . In the first round of PCR, products were generated using either primers 160 (5Ј-GAACCA-TACTTCATTGGAAT-3Ј) and R-S218L (5Ј-TGATCAACTTCAGGACGA-CTTGTAA-3Ј) (250 bp) or F-S218L (5Ј-TTACAAGTCGTCCTGAAGTT-GATCATGAAGGCGAT-3Ј) and 62 (5Ј-TGAATTCTGCATAGTA-AAGG-3Ј) (939 bp) using proofreading DNA polymerase (Pfu Turbo, Stratagene) and Ca V 2.1 ␣ 1 subunit cDNA as a template. The C 3 T nucleotide transversion (at position 889; G 3 A in the reverse (R-S218L) primer) resulting in a S218L amino acid change is indicated in bold in the primer sequences. Subsequently, a PCR was performed using first round PCR products in combination with primers 160 and 62. Next, this 1,164-bp product containing the S218L (SL) mutation was digested with NotI (nucleotide 838)-StuI (nucleotide 1699) and cloned into NotI-StuI-digested vector pGFP-, resulting in mutant SL. Sequences of the introduced PCR fragment were verified by means of a fluorescent ABI BigDye Terminator Cycle sequencing kit (Applied Biosystems, Foster City, CA). Nucleotide positions corresponding to AF004883 are given. For transfections, plasmid DNA of Ca V 2.1 ␣ 1 subunit wild-type (WT) or S218L mutant cDNA was isolated using a QIAfilter Plasmid Maxi kit (Qiagen, Los Angeles, CA).
Cell Culture and Transfection-HEK293 cells were grown and cotransfected with human Ca V 2.1 ␣ 1 , ␤ 2e , or ␤ 1b and ␣ 2b ␦ cDNAs, as described in Ref. 14. Cerebellar granule cells were grown in primary culture from 6-day-old Ca V 2.1 ␣ 1 Ϫ/Ϫ mice as described previously (22) . Cells were transfected with WT or mutant human Ca V 2.1 ␣ 1 cDNA, at days 2 or 3 in culture, using a modified calcium phosphate procedure, as described in Ref. 13 . Experiments were performed 1 or 2 days after transfection.
Patch Clamp Recordings and Data Analysis-Whole cell and single channel patch clamp recordings were performed as in Ref. 13 . Currents were sampled at 5 kHz and low pass filtered at 1 kHz.
Solutions for whole cell recordings of Ba 2ϩ currents in both HEK293 cells and neurons were as follows. The external solution (in mM) was 5 BaCl 2 , 148 tetraethylammonium (TEA)-Cl, 10 HEPES (pH 7.4 with TEA-OH) (and 5 M nimodipine and 0.1 mg/ml cytochrome c, when recording from neurons). The internal solution (in mM) was 100 cesium methanesulfonate, 5 MgCl 2 , 30 HEPES, 10 EGTA, 4 ATP, 0.5 GTP, and 1 cAMP (pH 7.4 with CsOH). Solutions for whole cell recordings of Ca 2ϩ currents in HEK293 cells were as follows. The external solution (in mM) was 2 CaCl 2 , 140 TEA-methanesulfonate, 10 HEPES (pH 7.4 with TEA-OH). The internal solution (in mM) was 119 cesium methanesulfonate, 5 MgCl 2 , 30 HEPES, 0.5 EGTA, 4 ATP, 0.5 GTP and 1 cAMP (pH 7.4 with CsOH). Cells were placed into a recording chamber containing Tyrode's solution and, after attainment of the whole cell configuration, were perfused with the external recording solution.
Compensation (typically 70 -80%) for series resistance was used. Current-voltage (I-V) curves were obtained only from cells with a voltage error Ͻ 5 mV and, in the case of neurons, without signs of inadequate space clamping. The average normalized I-V curves were then multiplied by the average maximal current density obtained from all cells. I-V curves in HEK293 cells were obtained with voltage ramps (0.85 mV/ms) from a holding potential of Ϫ80 mV. I-V ramps for leak subtraction were obtained after blockade of Ca 2ϩ channels with 5 mM Ni 2ϩ . I-V curves were fitted with Equation 1.
In recording Ba 2ϩ currents during long depolarizations in HEK293 cells we noticed a slow progressive increase in the rate of inactivation. Although the mechanism remains unknown, we were very careful in measuring the different properties of inactivation of WT and mutant S218L channels at similar times after breaking into whole cell. Thus the current traces during 1-s depolarizations and the recovery from inactivation were all measured in the time window from 6 to 12 min after whole cell breaking, whereas the currents during 5-s depolarizations and during a train of pulses were measured between 12 and 18 min after whole cell breaking.
Single In both whole cell and single channel recordings the liquid junction potentials were such that a value of 12 mV should be subtracted from all voltages to obtain the correct values of membrane potential (23) . Averages are given Ϯ S.E.
RESULTS
In transfected cells expressing human Ca V 2.1 channels, a consistent effect of the seven FHM-1 mutations analyzed at the single channel level (T666M, R192Q, V714A, V1457L, I1811L (13, 14) , D715E, and I1710T) 2 was to increase the single channel Ca 2ϩ influx, as measured by the product of single channel current, i, and open probability, p o , in a broad voltage range (13) . Therefore, to investigate whether the functional consequences of mutation S218L were or were not similar to those of typical FHM-1 mutations, first of all, we performed cell-attached single channel recordings on HEK293 cells transfected with human Ca V 2.1 ␣ 1 subunits containing mutation S218L and human ␣ 2b ␦ and ␤ 2e subunits and measured i and p o of the mutant channels as a function of voltage. (Fig. 1B) . However, the mutation favored the sojourn of the channel in subconductance states, which were rarely observed for the WT channel (see inset in Fig. 1B) . Moreover, the S218L mutation produced a shift of the single channel activation curve toward lower voltages and a consequent increase of the channel open probability in a broad voltage range (Fig. 1C) . The voltage of half-maximal activation V 1/2 (obtained by fitting the p o -V relationship with a Boltzmann function) changed from the WT value of 34.1 Ϯ 1 mV (n ϭ 12) to 23.8 Ϯ 1.8 mV (n ϭ 10) for the mutant. Compared with the human FHM-1 mutants whose p o -V relationship was measured previously (13, 14) , the S218L is one of the mutants that activates at lower voltages (similar to those of the V714A mutant). Because some of the FHM-1 mutations, including V714A, decreased the unitary current and conductance, we considered the product ip o (the amount of Ba 2ϩ ions entering through a single channel in a given time, i.e. the single channel Ba 2ϩ influx) as a measure of the gain of function produced by the FHM-1 mutations at the single channel level (13) . Fig. 1D shows that the single channel Ba 2ϩ influx of the S218L mutant is much larger than that of the WT channel in a broad voltage range and similar to that of WT at higher volt- ages. It also shows that the gain of function in terms of the single channel Ba 2ϩ influx of the S218L mutant tends to be larger than the average gain of function of the human FHM-1 mutants analyzed previously. The difference with respect to the average appears significant at low voltages, where the WT human Ca V 2.1 channel remains closed.
The whole cell current-voltage (I-V) relationship (with 5 mM Ba 2ϩ as charge carrier) revealed a hyperpolarized shift of the voltage range of activation of the mutant channel similar to that measured with single channel recordings ( Fig. 2A) . Fitting of the normalized I-V curves obtained with voltage ramps gave V 1/2 values of ϩ5.0 and Ϫ5.7 mV for the WT and the S218L mutant, respectively. Thus, confirming previous findings (13) , the effect of the mutation on channel activation appears independent of permeant ion concentration (but note the shift toward lower voltages for both WT and mutant channels because of the larger surface potential at 5 with respect to 90 mM Ba 2ϩ ). The channel selectivity was not affected by the mutation because the reversal potential of the whole cell current was identical for the WT and mutant channel.
The activation at lower voltages and increased open probability of the mutant channel led to an increased whole cell current density at V Ͻ 0 mV in HEK293 cells expressing the mutant with respect to those expressing the WT channel (Fig.  2B ). However, at higher voltages the whole cell current density in cells expressing the mutant was smaller, and the maximal current density was 40% smaller for the mutant than for the WT: 43.2 Ϯ 8 pA/pF (n ϭ 26) versus 71.6 Ϯ 11.3 pA/pF (n ϭ 31) (Fig. 2B ). Given the identical unitary conductance and similar maximal p o (p omx ) of WT and S218L channels ( Fig. 1 ), the reduced current density of the mutant at V Ͼ 5 mV must be mainly because of a reduced density of functional channels in the membrane. Considering the values of the ip o product measured at the peaks of the ip o -V curves obtained for the mutant and WT channel and Equation 2 under "Materials and Methods," one obtains a 46 (Ϯ 14)% reduction of functional channels in the membrane of cells expressing the mutant. A similar value was obtained by simply considering the ratio of the mutant and WT current densities at voltages where the open probability of both WT and mutant channel reaches the maximum value, and therefore the ratio becomes nearly voltageindependent (V Ն 20 mV in Fig. 2C Fig. 1C) . A reduced density of functional channels in the membrane of HEK293 cells was found for most of the human FHM-1 mutants analyzed previously (13, 14) , with the exception of two, which had the opposite effects (R192Q (14) and D715E 2 ). To study the neuronal phenotype of the S218L mutation, we expressed WT and mutant human Ca V 2.1 ␣ 1 subunits in cerebellar granule cells in primary culture from Ca V 2.1 ␣ 1 Ϫ/Ϫ mice and compared the Ca V 2.1 current density measured in these transfected neurons, as done previously for four FHM-1 mutants (13) . The Ca V 2.1 current density was obtained from the amount of whole cell current inhibited by -conotoxin MVIIC applied after the specific blocker of N-type channels -conotoxin GVIA (Fig. 3A) . As a consequence of the shifted activation to lower voltages of mutant channels, the Ca V 2.1 whole cell current density in neurons expressing the S218L mutant was larger than that in neurons expressing the WT channel in a broad voltage (Fig. 3B) . Fitting of the normalized I-V curves gave V 1/2 values of Ϫ19.5 mV for the WT channel and of Ϫ28.3 mV for the S218L mutant. Taking into account that to correct for junction potentials one should add Ϫ12 mV to all the voltages in Fig. 3B (cf. "Materials and Methods"), our data show that mutant S218L channels can open and carry significant current at voltages (Ϫ60 to Ϫ50 mV) close to the resting potential of many neurons, where WT channels remain closed. Interestingly, we confirm here for the (ϪVEA) splicing variant of the Ca V 2.1 ␣ 1 human subunit the previous finding obtained for the (ϩVEA) variant (13) Given the similar gain of function of mutant S218L channels in neurons and HEK293 cells, the smaller Ca V 2.1 whole cell current density at V Ͼ Ϫ20 mV in neurons expressing the S218L mutant compared with that in neurons expressing the WT channel must be mainly the result of a reduced density of functional channels in the membrane. A reduced whole cell P/Q current density at V Ͼ Ϫ20 mV and a reduced density of functional channels in the membrane were consistent properties of the four human FHM-1 mutants expressed previously in cerebellar granule cells of Ca V 2.1 ␣ 1 Ϫ/Ϫ mice (13), including the R192Q mutant that in HEK293 cells showed the opposite properties (14) . Compared with S218L, these FHM-1 mutants showed a larger reduction in the density of functional channels and/or a smaller gain in single channel influx; as a consequence, their P/Q current density was similar to that of the WT channel at low voltages, in contrast with the larger current density of the S218L mutant (Fig. 3B) .
To complete the functional characterization of the S218L mutant, we studied its inactivation properties in HEK293 cells expressing human S218L Ca V 2.1 ␣ 1 , ␣ 2b ␦, and ␤ 1b subunits. Investigation of the kinetics of channel inactivation during long depolarizations and during trains of short pulses and of the kinetics of recovery from inactivation revealed some interesting features distinguishing the S218L mutant from the WT channel and from the other FHM-1 mutants.
Different kinetics of inactivation of the S218L mutant and the WT channel were revealed by comparing the average normalized current traces recorded during depolarizations lasting B, Ca V 2.1 current density as a function of voltage in neurons expressing WT or S218L mutant Ca V 2.1 ␣ 1 subunits. The average normalized current densities (n ϭ 10 for both WT and S218L) were multiplied by the average maximal current density measured in 16 neurons expressing the WT (29.1 Ϯ 2.9 pA/pF) and 20 neurons expressing the S218L mutant (22.7 Ϯ 3.7 pA/pF). Inset on the right, pooled WT (n ϭ 9) and S218L (n ϭ 10) current traces at Ϫ40, Ϫ30, and Ϫ20 mV. 1 s at voltages close to the peak of the I-V curves (0 mV for the S218L and 10 mV for the WT) (Fig. 4A, left panel) . About half of the S218L Ba 2ϩ current inactivated quite rapidly (more rapidly than the WT), whereas the other half inactivated very slowly and gave rise to a large residual current remaining at the end of the long depolarization (about three times larger than for the WT channel). In 1 s, only 59 Ϯ 3% (n ϭ 18) of the S218L current inactivated, in contrast with 87 Ϯ 2% (n ϭ 12) of the WT current. Similar differences in inactivation kinetics were found when average normalized current traces recorded at the same voltage (either 0 or 10 mV) for both WT and mutant channels were considered (Fig. 4A, right panels) . It is interesting to compare the kinetics of inactivation of S218L mutant and WT channels during long depolarizations at these voltages because during CSD (the phenomenon underlying migraine aura (5)), the membrane potential of cortical neurons becomes almost zero for about 1 min (24) . For the WT channel, the time course of inactivation at 0 mV was best fit with two exponential components with time constants (and relative amplitudes) of 150 Ϯ 11 ms (66 Ϯ 3%) and 2.31 Ϯ 0.37 s (34 Ϯ 3%). On the other hand, for the S218L mutant, three exponential components were necessary for the best fit of the time course of inactivation, with time constants of 23 Ϯ 2 ms (25 Ϯ 3%), 108 Ϯ 10 ms (28 Ϯ 3%), and 6.4 Ϯ 0.9 s (47 Ϯ 3%). The residual current remaining after 1 s at 0 mV was 41 Ϯ 3% of the peak current (n ϭ 18), almost twice that remaining for the WT channel (21 Ϯ 3%, n ϭ 7). Similar differences in inactivation kinetics between S218L and WT were observed during depolarizations of 1 s at 10 mV (e.g. about 1.8 times larger residual current for the S218L than for the WT channel). When the duration of the depolarization was prolonged to 5 s, the relative difference in residual current at the end of the depolarization was further enhanced: the current remaining after 5 s at 10 mV was 2.3 times larger for the S218L mutant than for the WT ( Fig. 4B ; a similar difference was observed at 0 mV, not shown).
In conclusion, mutation S218L appears to affect both slow inactivation (increasing its contribution) and fast inactivation (making it more rapid). As a result, during long depolarizations the extent of inactivation of the S218L mutant was smaller than that of the WT channel (the more the more prolonged the depolarization), whereas during relatively short depolarizations (Ͻ200 ms) the extent of inactivation of the mutant was actually larger.
Similar differences in kinetics of inactivation between S218L and WT channels during long depolarizations were observed using 2 mM Ca 2ϩ as charge carrier, with 0.5 mM EGTA (rather than 10 mM) in the intracellular solution to highlights Ca 2ϩ -dependent inactivation (25) (Fig. 4C) . In these more physiological conditions, the S218L mutant still showed a component of current that inactivated very slowly, and the residual current of the mutant was still about twice that of the WT after long depolarizations of 1 s (at 5 mV, 22 Ϯ 3% for S218L and 12 Ϯ 1% for WT, n ϭ 9).
Moreover, similarly different kinetics of inactivation between S218L mutant and WT channels were found during trains of 100 short pulses (10 ms, 0 mV) delivered at 50 Hz (Fig.  5A) . The S218L mutant inactivated more than the WT channel during relatively short trains (Ͻ20 pulses corresponding to Ͻ200 ms total depolarization time) but inactivated less than the WT during long trains. After 100 pulses only 53 Ϯ 3% (n ϭ 12) of the S218L Ba 2ϩ current inactivated, in contrast with 70 Ϯ 3% (n ϭ 6) of the WT current, and the current during the last pulse at 0 mV at the end of the train was 1.6 times larger for the mutant than for the WT. Thus, despite the faster inactivation of the S218L mutant during the short pulses, the ratio of the mutant and WT currents at the end of the train of pulses (of cumulative duration 100 ϫ 0.01 ϭ 1 s) was similar to that at the end of a 1-s depolarization.
This finding and in general the similarity in the relative kinetics of inactivation of the mutant and WT channels during long depolarizations and during trains of short pulses (Figs. 4A and 5A) can be explained by the faster recovery from inactivation of the S218L mutant compared with the WT channel shown in Fig. 5B . For the WT channel, the average time course of the recovery from inactivation (after a 1-s depolarization) was best fit with two exponential components with time con- 1 channels recorded during depolarizations of 1 s at voltages close to the peak of the I-V curves (0 mV for the SL, n ϭ 18; and ϩ10 mV for the WT, n ϭ 12) in the left panel and at 0 mV (WT, n ϭ 7; SL, n ϭ 18) and ϩ10 mV (WT, n ϭ 12; SL, n ϭ 12) for both WT and mutant, in the right panels. 5 mM Ba 2ϩ was the charge carrier. The current remaining at the end of the depolarization at 0 mV was 21% of the pooled peak current for the WT and 40% for the mutant; at ϩ10 mV it was 13% for the WT and 23% for the mutant. For the WT channel, the time course of inactivation was best fit with two exponential components with time constants (and relative amplitudes) of 146 ms (65%) and 1.9 s (35%) at 0 mV and 129 ms (75%) and 1.5 s (25%) at ϩ10 mV. For the S218L mutant, three exponential components were necessary for the best fit of the time course of inactivation, with time constants of 26 ms (27%), 103 ms (24%), and 5.3 s (49%) at 0 mV, and 33 ms (34%), 126 ms (36%), and 4 s (30%) at ϩ10 mV. B, average normalized current traces of WT and S218L mutant human Ca V 2.1 channels recorded during depolarizations of 5 s at ϩ10 mV, with 5 mM Ba 2ϩ as charge carrier (WT, n ϭ 10; SL, n ϭ 9). The current remaining at the end of the depolarization was 6% of the pooled peak current for the WT and 14% for the mutant. The time course of inactivation was best fit with three exponentials with time constants of 108 ms (65%), 339 ms (23%), and 7.3 s (12%) for the WT, and 54 ms (58%), 291 ms (16%), and 8.7 s (26%) for S218L. C, average normalized current traces of WT and S218L mutant human Ca V 2.1 channels recorded during depolarizations of 1 s at ϩ5 mV, with 2 mM Ca 2ϩ as charge carrier (n ϭ 9 for both WT and S218L). The average values of the peak Ca 2ϩ current densities of the pooled traces were not significantly different for WT and S218L. The current remaining at the end of the depolarization was 12% of the peak pooled current for the WT and 22% for the mutant. The time course of inactivation was best fit with two exponential components with time constants (and relative amplitudes) of 97 ms (78%) and 1.5 s (22%) for the WT channel and with three exponential components with time constants of 14 ms (22%), 61 ms (48%), and 3.1 s (30%) for the S218L mutant. stants (and relative amplitudes) of 0.88 s (36%) and 7.62 s (64%), whereas for the S218L mutant, three exponential components were necessary, with time constants of 0.17 s (24%), 1.00 s (44%), and 10.3 s (32%). The mutant channel recovered from inactivation more rapidly than the WT channel, as a consequence of both a smaller amplitude of the slow component of recovery and the presence of a component of current recovering very rapidly (more than five times faster than the WT). As a result, the time necessary to recover 80% of the current was more than three times shorter for the S218L mutant than for the WT (less than 2 s compared with 6 s at Ϫ80 mV). Although a considerably faster rate of recovery from inactivation was reported previously for other two FHM-1 mutants (V714A and I1811L) (11, 14) , the combination of both a much faster rate of recovery from inactivation and a much smaller extent of inactivation during long depolarizations is unique to the S218L mutant. In general, the other FHM-1 mutations analyzed did not show consistent effects on the kinetics of inactivation of Ca V 2.1 channels, and their variable effects were usually small: depending on the mutation, inactivation during train of pulses (or during long depolarizations) was increased, decreased, or unaffected (11, 12, 14, 15) .
For both the WT channel and the S218L mutant, the amount of inactivation during a long depolarization was similar, or if anything larger, than during a train of short pulses of comparable cumulative duration. In contrast, a larger inactivation during trains of action potentials was reported previously for a different rat Ca V 2.1 isoform and was attributed to preferential inactivation from closed states (26) . Using a two-pulse protocol as in Ref. 26 to monitor recovery from inactivation of mutant and WT channels at early time points, we did not find evidence for a phase of further decline of the current before recovery (Fig. 5C) . Therefore, in contrast to the rat isoform (26), our human Ca V 2.1 isoform does not further inactivate during the repolarization period, and closed state inactivation seems to play a minor role in its kinetics of inactivation during trains of short pulses.
Finally, we investigated the effect of the S218L mutation on steady-state inactivation of human Ca V 2.1 channels by measuring WT and mutant currents at different holding potentials, V h , as illustrated in the representative experiment in Fig. 6 . The almost identical inactivation curves for WT and S218L channels in Fig. 6 show that mutation S218L does not affect steady-state inactivation of Ca V 2.1 channels, as found previously for most FHM-1 mutations (11, 12, 14, 15) . DISCUSSION The S218L mutation in the IS4-IS5 linker of the human Ca V 2.1 ␣ 1 subunit produces a severe clinical phenotype, in which typical attacks of FHM triggered by minor head trauma are frequently followed, after a lucid interval, by deep (even fatal) coma and long lasting severe cerebral edema. Other common symptoms are ataxia and cerebral and/or cerebellar atrophy (18, 19) . Impairment of consciousness is a known but relatively rare associated symptom of FHM-1 attacks; however, it is usually short lived and less severe than in S218L patients, and there is not such dramatic delayed association with minor head trauma (2) . On the other hand, a syndrome characterized by severe, even fatal, cerebral edema and coma occurring after a lucid interval is a possible complication of minor head trauma in children (19, 27) .
We have studied the functional consequences of mutation S218L on human Ca V 2.1 channels expressed in HEK293 cells and in neurons from Ca V 2.1 ␣ 1 Ϫ/Ϫ mice by combining single channel and whole cell patch clamp recordings. Our data show that mutation S218L produces a shift to lower voltages of the single channel activation curve and a consequent increase of FIG. 5 . Mutation S218L increases the rate of recovery from inactivation of human Ca V 2.1 channels. Whole cell recordings (5 mM Ba 2ϩ as charge carrier) were made on HEK293 cells cotransfected with human WT or mutant S218L Ca V 2.1 ␣ 1 subunits together with human ␣ 2b ␦ and ␤ 1b subunits. Holding potential ϭ Ϫ80 mV. A, average normalized current, I n , of WT and S218L mutant human Ca V 2.1 channels measured during 50-Hz trains of 100 pulses of 10-ms duration to 0 mV (cumulative duration 100 ϫ 0.01 ϭ 1 s). The current measured during the successive pulses in the train was normalized to that of the first test pulse. The current of the last pulse was 30% that of the first pulse for the WT channel (n ϭ 6) and 47% for the mutant (n ϭ 12). The time course of the current decay during the train was best fit with two exponential components with time constants (and relative amplitudes) of 217 ms (63%) and 4.7 s (37%) for the WT channel and with three exponential components with time constants of 14 ms (8%), 93 ms (35%), and 4.9 s (57%) for the mutant. B, time course of recovery from inactivation of WT (n ϭ 7) and S218L mutant (n ϭ 18) human Ca V 2.1 channels after a 1-s depolarization to 0 mV. Recovery from inactivation was measured applying short (10 ms) test depolarizations to 0 mV at various times after the 1-s conditioning depolarization. Representative current traces of the S218L channel recorded using this protocol are shown in the inset. The peak currents measured during the test depolarizations were normalized to the peak current of the conditioning depolarization. Lines through the data points represent best fits with two exponential components for WT and three exponential components for S218L (see parameters under "Results"). C, representative current traces of the S218L channel recorded during a double pulse protocol designed to monitor the extent of channel inactivation at early time points after a 100-ms prepulse to 0 mV, as in Ref. 28 . The test pulse traces, recorded 5, 20, 40, and 100 ms after the prepulse, show that recovery from inactivation started immediately after the prepulse. both single channel and whole cell ion influx through human Ca V 2.1 channels expressed in either neurons or HEK293 cells. This finding confirms and supports the conclusion that a consistent effect of FHM-1 mutations is to produce gain of function of human Ca V 2.1 channels, mainly because of a shift to lower voltages of channel activation (13, 17) . Compared with the other FHM-1 mutations, S218L is one of the mutations that produces the largest shift to lower voltages of channel activation and the largest gain of function especially for small depolarizations, which are insufficient to open the WT channel. In cerebellar granule cells mutant S218L channels open and carry significant current at voltages (Ϫ60 to Ϫ50 mV) close to the resting potential of many neurons. The particularly large increase in single channel Ca 2ϩ influx of the S218L mutant results in an increased whole cell P/Q current density (at V Ͻ Ϫ20 mV in neurons), despite the reduced density of functional mutant channels in the membrane. In contrast, for the four FHM-1 mutants expressed previously in neurons, the reduced density of functional channels in the membrane prevailed over the single channel gain of function resulting in an unaltered or reduced P/Q current density at the same voltages (13, 16) .
However, the recent analysis of Ca V 2.1 channels in neurons of the R192Q knock-in mouse expressing mutant channels at their endogenous level (17) suggests that the alterations in the number of functional channels in the membrane produced by the FHM-1 mutations in transfected cells (13, 14) are probably an artifact caused by overexpression. In fact, in contrast with the reduced whole cell P/Q current density found in transfected neurons overexpressing the R192Q mutant (13, 16) , in both cerebellar granule cells in culture (17) and freshly dissociated cortical pyramidal neurons (28) of the R192Q knock-in mouse, the whole cell P/Q current density was larger than that in WT neurons in a broad voltage range and similar to that of WT neurons at higher voltages. The changes in P/Q current density measured in the knock-in neurons are those expected if mutant mouse Ca V 2.1 channels have a gain-of-function phenotype similar to that established for mutant human Ca V 2.1 channels (14, 13) and if the number of functional channels in the membrane is not altered by the mutation. The knock-in data suggest that one may obtain misleading answers using transfected neurons overexpressing FHM-1 mutants to study the effect of the mutations on cellular functions that depend on the number of functional channels in the membrane, such as neuronal excitability or synaptic transmission. Indeed, Cao et al. (16) found an unaltered synaptic transmission and a decreased contribution of P/Q channels in controlling release at synapses between hippocampal neurons transfected with R192Q Ca V 2.1 ␣ 1 subunits. In contrast, the R192Q knock-in mice showed increased neurotransmission at the neuromuscular junction in conditions of low release probability (17) and enhanced glutamate release from cortical neurons in culture. 3 Moreover, in agreement with the particularly low threshold of activation of S218L human Ca V 2.1 channels reported here, preliminary data obtained on a recently generated S218L knock-in mouse show a striking increase of spontaneous release at the neuromuscular junction (much larger than that of the R192Q mouse) (29) .
Besides leading to a particularly large increase in Ca 2ϩ influx at low voltages, mutation S218L strongly affects the kinetics of inactivation of human Ca V 2.1 channels. On one hand it makes fast inactivation more rapid, and on the other hand it increases the contribution of slow inactivation, introducing a large component of current that inactivates very slowly. During long depolarizations, at voltages that are attained during CSD, the extent of inactivation of the S218L channel is considerably smaller than that of the WT channel. Moreover, the rate of recovery from inactivation of the S218L mutant is considerably faster. Compared with the other FHM-1 mutants, the combination of both a much smaller extent of inactivation during long depolarizations and a much faster rate of recovery from inactivation are unique to the S218L mutant.
Can the specific functional effects of the S218L mutation account for the severe clinical phenotype? Neuroimaging findings indicate that migraine aura is caused by CSD, a wave of sustained strong neuronal depolarization, which progresses slowly across the cortex, generating a transient intense spike activity followed by a long lasting neural suppression (5, 30 -32) . Animal studies have shown that CSD can activate the meningeal trigeminal nociceptive afferents and evoke alterations in the meninges and brainstem consistent with the development of headache (33) . These studies support the idea that CSD may initiate migraine attacks (5) . Interestingly, the R192Q knock-in mice show an increased susceptibility to CSD (17) . Gain of function of Ca V 2.1 channels leads to a lower threshold for CSD induction, an increased velocity of propagation, and a longer duration of the CSD depolarization in vivo (17) . On the other hand, loss of function of Ca V 2.1 channels in the natural Cacna1a mutant leaner mouse (34, 35) leads to a higher threshold for CSD induction, a lower velocity of propagation, and a shorter duration of the CSD depolarization in vivo (36) . Similar effects on threshold, propagation, and duration of 3 A. Tottene and D. Pietrobon, unpublished observations. FIG. 6. Mutation S218L does not affect steady-state inactivation of human Ca V 2.1 channels. Whole cell recordings (5 mM Ba 2ϩ as charge carrier) were made on HEK293 cells cotransfected with human WT or mutant S218L Ca V 2.1 ␣ 1 subunits together with human ␣ 2b ␦ and ␤ 1b subunits. Peak normalized current, I n , is shown as a function of holding potential, V h , for WT (n ϭ 6) and S218L (n ϭ 6) human Ca V 2.1 channels. Cells were maintained for about 2.5 min at each holding potential, and the peak current was monitored continuously by test pulses every 10 s, as illustrated in the representative experiment in the bottom panel; the arrows show the time at which V h was changed to the indicated value. For each cell, peak currents measured at the end of each period at different V h were normalized with respect to the maximal current at Ϫ100 mV. Average values of I n as a function of V h were best fit by Boltzmann distributions of the form I n ϭ (1 ϩ exp (V Ϫ V 1/2 )/k) Ϫ1 , with V 1/2 ϭ Ϫ61 mV (k ϭ 6.2) for WT and V 1/2 ϭ Ϫ62 mV (k ϭ 6.0) for S218L.
CSD in vivo are produced by NMDA antagonists, in a dose-dependent manner (24, 37) .
The initiation of the positive feedback cycle that almost zeros the neuronal membrane potential and ignites CSD depends critically on the local increase above a critical value of the K ϩ concentration in the narrow space surrounding cortical neurons and the activation of a sustained net inward current in apical dendrites (24) .The pivotal role played by both NMDA receptors and Ca V 2.1 channels in CSD induction is consistent with a positive feedback mechanism in which excessive Ca V 2.1-dependent release of glutamate from synaptic terminals depolarized by high K ϩ and consequent activation of NMDA receptors leads to further depolarization of the postsynaptic membrane, further increase in K ϩ in the extracellular space, further release of glutamate, further activation of the NMDA receptor, and so on (38) .
Enhanced susceptibility to CSD in FHM-1 can be explained, considering that a weaker depolarizing stimulus and a lower increase of extracellular K ϩ are necessary to activate mutant synaptic Ca V 2.1 channels and to release enough glutamate to initiate the positive feedback cycle leading to CSD. Thus, a weak depolarizing stimulus, as a minor head trauma, which is without consequences in healthy individuals, may be able to initiate CSD in FHM-1 patients. Although minor head trauma is a frequent triggering factor of FHM-1 attacks (2), the dramatic delayed association with cerebral edema and coma is unique to S218L patients. We propose that the severe phenotype produced by S218L channels may be the result of their unique combination of a particularly low threshold of activation with a particularly slow inactivation during the long CSD depolarization. Our working hypothesis is that because of these unique properties, minor head trauma may lead to a longer duration of CSD in S218L patients. A longer duration of CSD and prolonged activation of NMDA receptors may have indirect damaging effects, e.g. because of excessive accumulation of intracellular Ca 2ϩ or production of nitric oxide, arachidonic acid, and reactive oxygen species, which among other effects may lead to impairment of the blood-brain barrier (39) and enhancement of both vasogenic and cytotoxic edema. An additional effect might be impairment of mitochondrial function and ATP supply, which may lead to repetitive CSDs and enhanced neuronal vulnerability after minor head trauma. This hypothesis was suggested by the interesting findings that sublethal stretch applied to cortical neurons in culture induced mitochondrial dysfunction and a consequent delayed long lasting small neuronal depolarization and enhanced vulnerability to glutamate challenges (40 -42) . Induction of these alterations required depolarization-induced Ca 2ϩ entry, glutamate release, and activation of NMDA receptors. The recently generated S218L knock-in mouse will allow testing of our working hypotheses.
